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SUMMARY 
Six areas  of experimental inves t iga t ion  were d e a l t  with under 
NASA contract  NAS 8-29669 with t h e  objec t ive  of inves t iga t ing  
possible  improvements i n  e u t e c t i c  s t ruc tu re s  by low-gravity 
processing. 
The areas d e a l t  with were 
1. Improvements i n  s t r u c t u r a l  per fec t ion ;  
2. Study of growth conditions f o r  bending eu tec t i c  s t ruc tu re s ;  
3. Study of processes f o r  t h e  formation of  t h i n  shee ts  of 
eutectic:; ; 
4. Evaluation of  floating-zone techniques ; 
5. Procc.:;sing of of f -eu tec t ic  compositions. 
The aspects of eu t ec t i c  processing which hold t h e  g rea t e s t  poten- 
t i a l  fo r  improvements from low-gravity processing conditions a r e  those 
i n  which t h e  densi ty  of t h e  components has t h e  g rea t e s t  d i f fe rence ,  and 
a l so  those where the  weight of t h e  molten mater ia l  poses a problem i n  
terms of support. 
I n  t he  areas s tud ied ,  t h e  formation of t h i n  shee ts ,  and by extra-  
polat ion any th in  sec t ion ,  and the  f loa t ing  zone technique of processilig 
w i l l  benef i t  from low-gravity procewing.  Within these  a reas ,  it i s  
important t o  continue t h e  study of microstructural  perfect ion and 
thermal cont ro l ,  s ince  t h e  value of a given s o l i d i f i e d  piece depends 
on the  degree t o  which t h e  microstructures  provides t h e  des i red  pro- 
pe r t i e s .  Off-eutectic compositions add a degree of freedom t o  t h e  
formation of i n  s i t u  composites by allowing adjustment of t he  compos- 
i t i o n  t o  provide proper t ies  not a t t a inab le  with t h e  e u t e c t i c  composi- 
t i o n .  
The r e s u l t s  of t h i s  study ifidicate t h a t  without a subs t an t i a l  
improvement i n  thermal cont ro l  and s o l i d i f i c a t i o n  techniques, t h e  goal  
of a f l a t  so l id- l iqu id  in t e r f ace  with an independently var iab le  ther-  
mal gradient i n  t h e  l i q u i d  a t  t he  so l id- l iqu id  i n t e r f a c e  i s  not 
bbtainable.  
Such a goal, however, is a necessary condition for processing off- 
eutectic compositione, where the greatest potential for engineering of 
materials with the ii?,ique eutectic-type microstructure lies. Prelimin- 
ary results on nodi:'icat ions of processing equipment suggest that 
equipment can be designed to suppress radial heat flow in the traditional 
methods where an ingot is contained in a crucible which is passed 
through a furnace and quench in series. Suchsuppression should serve 
to flatten the interfaceaindependent of the thermal gradients. 
In addition to further studies on improvements in heat flow 
which could be obtained in the traditional techniques by design changes, 
a more advanced concept should be pursued consisting of a crucible-less 
solidification technique related to zone melting. This concept, in addi- 
tion, would be advantageously pursued in a low-g environment. 
INTRODUCTION 
NASA programs have been directed toward exploring the  nearly 
we'ightless environment provided by orbi t ing  spacecraft t o  conduct 
experiments which w i l l  lead t o  manufacturing products i n  space f o r  use 
on earth. Further s tudies a re  required t o  determine 'which materials  
would derive most benefi t  from production i n  low-g. One experimtnt 
which should be conducted involves exploring t h i s  low-g environment 
fo r  t h e  unidirect ional  so l id i f i ca t ion  of eutec t ics  and off-eutectics 
t o  determine i f  more perfect s t ruc tures  can be at tained.  The a t ta in-  
ment of def ect-free microstructures is  pa r t i cu la r ly  important i n  
developing these eutec t ics  for  nonstructural applications. 
Studies which have been done i n  an earth-based laboratory 
environment have generally not yielded specimens with the  degree of 
perfection required of the  eutec t ic  microstructure t o  provide t e s t  da ta  
t o  evaluate t h e i r  nonstructural applications. It has been recognized 
tha t  the  low-g environment of an orbi t ing  space laboratory provides a 
unique environment t o  re-examine the  process of so l id i f i ca t ion  with t h e  
goal of producing be t t e r  microstructures. 
The objective of t h i s  program is t o  evaluate the  f e a s i b i l i t y  of 
using the  spact, environment for  producing eutec t ics  with microstructures 
which can be of value on earth.  I n  carrying out t h i s  object ive,  evalua- 
t i v e  invest igat ions were car r ied  out on t h e  technology of so l id i f i ca t ion  
i n  a 1-g environment t o  provide sound basel ine data for  planning space 
laboratory experiments . 
EXPERIMENTAL 
Improvement i n  S t ruc tu ra l  Perfect ion 
Back~round. Under .contract NAS8-28724, a p l a t  e- l ike eut ec t i c  
A1-CuA12 was invest igated on t h e  ground and i n  space. I n  t hese  
s tud ie s  some improvement i n  t he  microstructure was observed i n  t h e  
space processed samples. Because rod-like e u t e c t i c s  a r e  as  important 
and a r e  probably more important f o r  nonetructural  appl ica t ions ,  it was 
f e l t  t h a t  t he  p o s s i b i l i t y  of improving t h e  microstructure of rod form- 
ing eu tec t i c s  should be evaluated as we l l ,  
I n  order t o  r-a meaningful experiments i n  space, it was f e l t  
t h a t  a de t a i l ed  study of s o l i d i f i c a t i o n  and t h e  microstructure of a 
rod forming eu tec t i c  should be conducted t o  obtain base l i n e  informa- 
t i o n .  The system se lec ted  was a model eu t ec t i c ,  A1-A13Ni ,  which, 
when unid i rec t iona l ly  s o l i d i f i e d ,  forms rods of A13Ni i n  an A 1  matrix. 
This system has been t h e  subject  of many s tudies  which have defined i t s  
crystallography and mechanical proper t ies .  These a r e  t r e a t e d  i n  
Refs. 1-11. The crys ta l lographic  o r i en t a t ions  between t h e  A13Ni  rods 
and t h e  aluminum matrix have been found t o  be as  follows : t he  ortho- 
rnombic A13Ni grows i n  t he<010>  d i r ec t ion  i n  a face-centered cubic 
al'aminum matrix growing i n  t h e < l l O >  d i rec t ion .  The Al i rods a r e  
face ted ,  with the  f a c e t s  being p a r a ~ . l e l  t o  t h e  1 , 1 , and 
(112)  planes of t he  aluminum matrix.  
It i s  known t h a t  processing var iab les  a r e  d i r e c t l y  r e l a t e d  t o  t h e  
degree of perfect ion which i s  obtained i n  t he  microstructure.  The 
types of  defects  which occur on t h i s  s ca l e  a r e  caused by a curved 
so l id- l iqu id  growth in t e r f ace ,  which leads t o  colony s t ruc tu re s ,  and 
l e s s  ca tas t rophica l ly  t o  c rea t ion  o r  annih i la t ion  of A13Ni  rods ,  and 
changes i n  t h e  s o l i d i f i c a t i o n  r a t e ,  which r e s u l t s  i n  changes i n  t h e  
number of rods per un i t  area.  In  addi t ion ,  there  appears t o  be a 
minimum value of t h e  thermal gradient  t o  s o l i d i f i c a t i o n  r a t e  r a t i o ,  
G/R,  required by t h i s  system t o  suppress colony growth. It i s  a l s o  
kn,?wn t h a t  impuri t ies  i n  t h e  melt lead t o  break-up of t h e  microstruc- 
t u r e  because of r e j e c t i o n  by t h e  growing s o l i d  un t i l  a concentration i s  
reached where incorporation i n t o  t h e  s o l i d  i s  forced t o  occur. 
Experir.enta1 Studies .  I n  t hese  experiments attempts we:. ,: .: 
t o  develop methods of evaluat ing eu tec t i c  microstructure ani I 3  eval :  - 
a t e  methods of s o l i d i f i c a t i o n  i n  an attempt t o  develop techniques whic;, 
would give good microstructures .  
I n i t i a l l y ,  ingots  were d i r ec t iona l ly  s o l i d i f i e d  by ex t rac t ion  from 
a furnace i n t o  a cooling.zone using severa l  d i f f e r en t  s tandard furnace- 
quench systems. It was general ly  found, by examination of cross  sec t ions  
of  t h e  ingots ,  t h a t  t h e  l iqu id-so l id  i n t e r f ace  was not f l a t ,  an6 f u r t h e r  
t h e  r a t e  of s o l i d i f i c a t i o n  was not constant.  The severa l  systems var ied  
markedly, however, i n  t h e  deviat ion from t h e  i d e a l  of f l a t  i n t e r f ace  and 
constant s o l i d i f i c a t i o n  r a t e .  
System I consis ted of  a graphi te  r e s i s t ance  element furnace with 
a lowering mechani n which held t k  ingot i n  i t s  cruc ib le  on a water- 
cooled pedestal .  This i s  shown i n  Fig. 1. The lowering speed was 
adJustable,  but remained constant st a spec i f i c  s e t t i n g .  Because t h e  
water-cooled pedestal  followed t h e  lowering mechanism t h e  e f fec t ive  
quench posi t ion a l s o  moved r e l a t i v e  t o  t he  hot zone, causing the  sol id-  
l i q u i d  in t e r f ace  t o  move a t  a changing r a t e .  The r e s u l t s  of  a s o l i d i f i -  
cat ion run using t h e  aluminum-nickel eu t ec t i c  is shown i n  Fig. 2.  
System I1 cons is t s  of an induction heated graphi te  susceptor 
through which the  c ruc ib le  i s  drawn i n t o  a f ixed pos i t ion  flowing water 
quench, shown i n  Fig. 3 .  This system has t h e  advantage t h a t  it can pro- 
duce very high thermal grad ien ts ,  and the  quench pos i t ion  i s  f ixed  with 
respect  t o  t he  heat source. While t h e  r a t e  of so l ' . d i f i ca t ion  is gross ly  
constant ,  t he  system a s  employed was designed f o r  nigh power requirements, 
and thus i s  d i f f i c u l t  t o  cont ro l  t o  t h e  required degree fo r  low-melting 
point systems such a s  t h e  aluminum-nickel o r  t h e  aluminum-copper e u t e c t i c .  
The r e s u l t s  of a s o l i d i f i c a t i o n  run using t h e  aluminw-nickel e u t e c t i c  
a r e  shown i n  Fig. 4. 
System 111 combined f ea tu re s  of Systems I and I1 i n  t h a t  it was a 
r e s i s t ance  heated furnace system fo r  thermal s t a b i l i t y  but with a f ixed 
? s i t i on  quench t o  s t a b i l i z e  t he  s o l i d i f i c a t i o n  r a t e .  This i s  shown i n  
Fig. 5 .  A thermal gradient  a t  t he  so l id- l iqu id  in t e r f ace  of llO°C/cm 
could be obtained, but  s tud ie s  of longi tudinal  sec t ions  showed t h e  in t e r -  
face  was not f l a t ,  as indicated i n  Fig. 6. 
For System IV, a modification t o  t h e  s o l i d i f i c a t i o n  equipment 
was made by adding an isothermalizing furnace l i n e r  t o  System 111. 
This l i n e r  was purchased from Dynatherm Corporation, and cons is t s  of 
an Inconel mater ia l  tube with sodium as a working f l u i d .  It is iso-  
thermal above 450°C with a maximum working temperature of 1100~C. 
The quench system was a l s o  niodified so t h a t  any length of tube could be  
drawn through the  furnace and quench system. This configurat ion i s  
shown i n  Fig. 7. 
Using System N, a number of runs were made using t h e  alruninum- 
nickel  eu t ec t i c  t o  examine the e f f ec t s  of various growth r a t e s  and 
separat ioes  of quench and furnace. In  each case, cross-sections tram- 
verse t o  t h e  ingot a x i s  were used t o  examine the  s t r u c t u r e  of t h e  ingots ,  
The f i n a l  addi t ion  made was t o  add a sh i e ld  system around t h e  ingot 
below t h e  furnace but  above t h e  quench f o r  t h e  purpose of e l iminat ing 
r a d i a l  hea t  flow. This r a d i a l  hea t  flow suppressor had a varying cross  
sec t ion  i n  order t o  match t h e  thermal gradients  i n  t h e  ingot .  It i s  
shown i n  Fig. 8. 
Microstructural  Evaluation. As f o ~  .fl i n  previous s tud ie s ,  t h e  A13Ni  
rods i n  t he  aluminum-nickel eu t ec t i c  appe, t o  grow with equal fat:-' 
i n  two d i rec t ions :  one 1s p a r a l l e l  t o  t h e  ingot ax i s ,  while t h e  i s  
i n  t h e  neighborhood of 15O t o  the  s o l i d i f i c a t i o n  d i r ec t ion .  Th! 7 es 
r i s e  t o  e f f ec t s  i n  t h e  t ransverse  sec t ions  which appear t o  be vu r i a t ioas  
i n  f i b e r  densrty.  
I f  t he  aluminum-nickel ingots  had per fec t  microstructure,  t h e  
A13Ni rods would be equal ly spaced and would be i n  an hexagonal array.  
I n  evaluat ing the  s t r u c t u r e ,  t h e  average nearest  neighbor dis tance i s  
determined, and the  d i s t r i b u t i o n  of dis tances is obtained. The disper- 
s ion  of the  d i s t r i b u t i o n  can be used a s  a measure of t he  deviat ion from 
the  perfedt  hexagonal a r ray .  
Bends, kinks, and branches i n  t h e  s t r u c t u r e  a l l  c o n s t i t u t e  defec ts ,  
a s  does the  exis tence of c e l l u l a r  s t ruc tu re .  
Two A1-A13Ni specimens were subjected t o  an ana lys is  by D r .  Theo 
Kattamis, I n s t i t u t e  of Mater ials  Science, University of  Connecticut. 
These specimens were s o l i d i f i e d  i n  Systems I and I1 ( r e s i s t ance  heat ing,  
moving quench, and induction heating , f ixed  quench, r e spec t ive ly ) .  The 
remaining specimens were examined i n  t ransverse  sec t ion  t o  i nd ica t e  pro- 
gress  i n  achieving t h e  goal  of improving the  microstructure.  
Results of t he  Microstructural  Stud,y. I l l u s t r a t i o n s  of t he  
typ ica l  f a u l t s  observed i n  t eh  aluminum-nickel system a r e  shown i n  
Figs. 9, 10 and 11, which i l l u s t r a t e  f i b e r  dual or ien ta t ion  "density 
waves" i n  t he  t ransverse  sec t ion  caused by the  dual o r i en t a t ion  a s  
seen i n  a  longi tudina l  sec t ion ,  and coloq!; s t ruc tu re .  A high-quality 
s t ruc t 'u re  i n  t ransverse  sec t ton ,  showing onlJr t h e  deviat ion from hexa- 
gonal perfect ion,  is shown i n  Fig. 12. 
Table I ar,d I1 ind i  . t e  the  ingots  grown i n  Systems I and 11, 
and examined a t  t h e  University of  Connecticut. Figures 1 3  and 1 4  show 
t h e  va r i a t i on  i n  s o l i d i f i c a t i o n  r a t e  f o r  these  furnace systems, obtained 
from measured c h a r a c t e r i s t i c  nearest  neighbor dis tances using copper- 
aluminum e u t e c t i c  ingots .  
The d i s t r i b u t i o n  of t he  c h a r a c t e r i s t i c  dimension, i . e .  t h e  near- 
e s t  neighbor d is tance ,  f o r  t h e  A1-A13Ni ingots  s tud ied ,  i s  given f o r  
t he  ingot from System I i n  Fig. 15 ,  and from System I1 i n  Fig. 16. 
Exemination was made i n  a  s imi la r  fashion but l e s s  extensively,  
of ingots s o l i d i f i e d  i n  System I11 and a l so  i n  Systcm3 iV. Daka on 
c h a r a c t e r i s t i c  dis tance va r i a t i on  and growth r a t e  are given i n  Table 111 
and Table IV f o r  these  systems. These r e s u l t s  a r e  presented graphica l ly  
i n  Figs.  17 and 18, showing the  da ta  on nearest  neighbor d is tance  
var ia t ion .  
The r e s u l t  of t h i s  study shows t h a t  a t  a  condition of a high 
thermal gradient  i n  t h e  l i q u i d  o r  a  suppressed r a d i a l  heat  flow, t h e  
sol id- l iquid in t e r f ace  i n  the  alutrrir,um-nickel e u t e c t i c  tends t o  be f l a t ,  
with a  reduction i n  t he  tendency t o  f o ~ m  colonies.  The high thermal 
gradient  reduces the  dis tance along the  ingot ax is  over which t h e  tem- 
pera ture ,  a s  e funct ion o? r a d i a l  dis tance from the  center  of t h e  ingot 
can be the  eu t ec t i c  t?mperature, thus f l a t t e n i n g  the i n t e r f s c e .  This 
becomes l e s s  e f f e c t i v e  as  the d i m e t e r  o f  t he  ingot becomes l a rge r .  
Suppressing the  r a d i a l  heat flow improves the  f l a t n e s s  of t he  in t e r -  
face without t h e  penalty of dependence on the  ingot s i z e ,  It appears 
t h a t  t h e  r a t e  of s o l i d i f i c a t i o n  is  a l so  made more nehrly constant with 
the  use of t h e  r a d i a l  heat suppressor device. Further experience with 
t h i s  technique w i l l  be required t o  optimize its use. 
Bending of  Eutec t ic  S t ruc tures  
Background. The appl icat ion of e u t e c t i c s  with t h e i r  unidirec- 
t i o n a l  microstructure w i l l  r equi re  t he  fabr ica t ion  of p a r t s  with 
varying cross  sec t ions  and non-cylindrically symmetric cross-sections.  
Under such circumstances, t h e  attempt t o  d i r ec t iona l ly  s o l i d i f y  a 
eu t ec t i c  a l l oy  i n  the  desired shape w i l l  cause t h e  s t r u c t u r e  t o  deter- 
i o r a t e  i f  t h e  pa r t  i s  not designed t o  accommodate t h e  degree t o  which 
a d i r ec t iona l ly  so l id i fy ing  eu tec t i c  can follow changing contours. 
Thorefore, t h i s  t a sk  was directec? toward examining t h e  degree t o  which 
the  s t ruc tu re  of a d i r ec t iona l ly  s o l i d i f i e d  ingot can follow changes i n  
cont,our, It was f e l t  t h a t  once t h i s  was evaluated, it could then be 
compared t o  how a eu tec t i c  s t r u c t u r e  follows -ontours i n  space. 
Experimental Studies.  During t h e  d i r ec t iona l  s o l i d i f i c a t i o n  of 
both t h e  aluminum-copper and t h e  aluminum nickel  systems, gas bubbles 
could be entrapped both i n  t h e  body of t h e  melt and at tached t o  t h e  
crucible  walls.  Examinations of t he  microstructure were made a t  such 
defect  points  t o  e luc ida te  t he  e f f e c t  on t h e  microstructure of t h e  
required changes i n  growth d i r ec t ion .  Examination was ~ l s o  made of a 
higk temperature a l l oy  ce"t and d i r ec t iona l ly  s o l i d i f i e d  on a double- 
pedestal-shaped mold. 
Microstructural Evaluation. Entrapped gas pockets were observed 
i n  ingots of both A1-A12Cu and A1-A13Ni.  The r e su l t i ng  growth pa t te rns  
a r e  shown i n  Figs.  19 and 20. I n  addi t ion  t o  these  r e l a t i v e l y  l a rge  
pockets, ssall voids were observed i n  t h e  body of severa l  ingots .  
Sections through such voids i l l  t he  A1-Cu and A1-Ni systems a r e  shown 
i n  Fig. 21. For t he  lead-t in  eu t ec t i c  system s o l i d i f i e d  i n  thin-film 
form, growth around a hole i s  shown by Fig. 22. The response exhibited 
by a Ni-Nb-Al eu t ec t i c  a l loy  t o  s o l i d i f i c a t i o n  i n  a double pedes ta l  
mola i s  shown i n  Fig. 23. 
Since the copper-aluminum system produced p a r a l l e l  p l a t e s  i n  i t s  
microstructure,  the  response of microstructure t o  an obs tac le  i n  i t s  
normal growth d i rec t ion  should depend on t h e  o r i en t a t ion  of t h e  p l a t e s  
with respect  t o  the surfaces of the obstacle .  It  has been observed t h a t  
terminations of e i t h e r  rods or  p l a t e s  i n  e u t e c t i c  systems upon encounter- 
ing obstacles  does not s ign i f i can t ly  d is rupt  t h e  s t ruc tu re ;  t h e  re-  
nucleation o f  t h e  microstructure produces t h e  g rea t e s t  problem. Given 
t h e  s tudies  performed so f a r ,  whether i n  t h i s  work o r  i n  o ther  invest i -  
gat ions,  it i s  d i f f i c u l t  t o  separate  t h e  temperature e f f e c t s  from t h e  
shape e f f e c t s  when studying t h e  a reas  where t h e  eu t ec t i c  microstructure 
i s  non-regular due t o  an obs tac le  i n  t h e  s o l i d i f i c a t i o n  path. 
Results of t he  Microstructural  Examination. It has been found by 
o the r  workers, and confirmed by t h i s  examination t h a t  9a0 bends o r  
hor izonta l  surfaces a r e  t o  be  avoided when designing products t o  be  made 
by unid i rec t iona l ly  s o l i d i w i n g  e u t e c t i c  mater ials .  Contours diverging 
at angles up t o  450 from t h e  grcwth directdon s t i l l  permit r e l a t i v e l y  
r egu la r  growth of  the  microstructure,  bu t  beyond t h a t  value, a broken up 
s t r u c t u r e  r e s u l t s .  I n  t h e  oase of fiber-type eu tec t i c  mater ia l s ,  regions 
may be  denuded of  f i be r s  when growth from a new surface is  requi red  due 
t o  an obstacle  o r  contour change. 
Formation of Thin Sheets of Eutect ics  
Background. Many of  t h e  uses f o r  e u t e c t i c s  requi re  r e l a t i v e l y  
t h i n  sec t ions .  Therefore, it was of i n t e r e s t  t o  determine t h e  condi- 
t i ons  under which the  regular  eu t ec t i c  microstructure could 3 e  obtained 
i n  t h i n  sheet  f o m  d i r ec t ly .  The next s t e p  would b e  t o  compare these  
r e s u l t s  with those obtained i n  a space experiment t o  determine if more 
perfect  t h i n  microstructures  could be a t ta ined .  
Experimental Studies .  Three experimental operations were performed 
t o  elucidate  t he  nature of eu t ec t i c  growth i n  t h i n  sheet  form. Vacuum 
a r c  melting of s m a l l  buttons r e s t i n g  on a water-cooled copper hear th  w a s  
invest igated a s  a way t o  obtain rap id  cooling and high gradients  where 
the  button was i n  contact with t h e  hearth.  A second experiment was run 
where a piece of lead-t in  eu t ec t i c  was placed between two copper rods,  
each cooled, and melted with a zone hea ter .  I n  t h i s  case,  t h e  eu t ec t i c  
wet t h e  copper rods ,  and growth was i n i t i a t e d  by t ravers ing  the  molten 
e u t e c t i c  region out  of t he  hot zone. This operation is  schematically 
shown i n  Fig. 24. The th:.rd experiment consisted of melting t r ave l ing  
zones i n  t h i n  shee ts  cf the  lead-t in  eu t ec t i c .  These shee ts  were fornied 
by r o l l i n g  previously cas t  eu t ec t i c  compositions t o  thicknesses  of  t h e  
order of 25 microns (0.001 inch) .  They were supported on sand-blasted 
pyrex microscope s l i d e s  and positioned u:;der a hot wire which t r ave l l ed  
over them, melting a zone as  it progressed. This set-up is shown sche- 
mat ica l ly  i n  Fig. 25. 
Microstructural  Examination. The buttons which were vacuum-arc 
melted and frozen on t h e  cold hearth were sec t ions  and polished f o r  
micros t ruc tura l  evaluat ion.  The s t ruc tu re s  observed a r e  shown i n  Fig. 
26. It can be seen t h a t  the c h a r a c t e r i s t i c  s i z e s  obtained i n  t h e  micro- 
s t r u c t u r e  a r e  about t h e  same as those  obtained i n  t h e  more usua l  s o l i -  
d i f i ca t ion  techniques. It appears t h a t  t h e  hea t  t r a n s f e r  from t h e  
melted but tons t o  t h e  cold hearth was not p a r t i c u l a r l y  rap id .  
I n  t h e  case of  t h e  lead-t in  e u t e c t i c  melted between two copper 
rods, it can b e  c l e a r l y  seen i n  Fig. 27 t h a t  a c e r t a i n  d is tance  is 
required f o r  nucleat ion and rearrangement of t h e  micrastructure i n t o  t h e  
regime i n  which it can grow. This i n i t i a t i o n  phenomenon w i l l  always 
occur unless  t h e  s o l i d i f i c a t i o n  is  i n i t i a t e d  from a previously so l id i -  
f  i e d  specimen. 
The attempt t o  grow t h i n  shee ts  of t h e  lead-t in  eu t ec t i c  appears t o  
be promising. Experimental d i f f i c u l t i e s  as ide ,  Fig. 28 shows some of t h e  
s t r u c t u r e  obtained i n  t h e  zoned shee t s .  Viewed perpendicular t o  t h e  
growth plane, t h e  s t r u c t u r e  cons is t s  of lamellae growing i n  t h e  d i r ec t ion  
of t h e  moving zone. The lamellae thus have t h e i r  cha rac t e r i s t i c  s i z e  i n  
t h e  plane of view, and up t o  t he  f i lm  thickness  perpendicular t o  t h e  plane 
of view. Transverse sec t ions  of t he  t h i n  film lead-t in  eu t ec t i c  samples 
a r e  shown i n  Fig. 29. 
A s  reported i n  Ref. 12,  small areas  of per fec t  lamellar  lead-t in  
e u t e c t i c  s t r u c t u r e  were grown by t h e  above method. It appears t h a t  f o r  
shee ts  of thickness l e s s  than some c r i t i c a l  dimension, t he  shape of  t h e  
so l id i fy ing  specimen exe r t s  an inf luence on t h e  s t r u c t u r e  which is  not 
found i n  l a rge r  specimens. Pursu i t  of t h i s  technique could lead t o  
i n t e r e s t i n g  r e s u l t s  i n  terms of e u t e c t i c  microstructure. '  
Float ing Zone Techniques 
Badsground. Res t r i c t i ng  t h e  s i z e  of t he  molten sec t ion  of an 
ingot being d i r ec t iona l ly  s o l i d i f i e d  provides a means of obtaining very 
high thermal gradients .  I n  addi t ion ,  it can, i f  wel l  cont ro l led ,  be 
r e s t r i c t e d  t o  a s u f f i c i e n t l y  narrow zone so t h a t  t h e  molten mater ia l  i s  
supported by t h e  surface tension of t he  mater ia l  i t s e l f ,  with no require- 
ment f o r  a crucible .  It should a l so  be capable of  providing a constant 
r a t e  of s o l i d i f i c a t i o n ,  a requirement f o r  obtaining a good microstructure.  
A r i ng  source of rad ian t  energy is commonly provided t o  form t h e  
molten zone when t h e  specimen is in  the  form of a cy l ind r i ca l  ingot .  I f  
t he  melting temperature i s  s u f f i c i e n t l y  high, r a d i a t i v e  cooling w i l l  pro- 
v ide  a s u f f i c i e n t  source of heat removal t o  maintain s i z e  cont ro l .  A s  t h e  
melting point  of t h e  mater ia l  t o  be zoned decreases,  addi t iona l  sources of 
cooling must be provided, s ince  r ad i a t ion  w i l l  be inadequate. 
I 
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Experimental Studies.  I n  t h e  present study, t h e  shape of t h e  
mater ia l  i n  t h e  molten zone was examined f o r  some h ~ g h  melting point  
materials, The e f f e c t  of  t h e  weight of t h e  molten mater ia l  i n  causing 
t h e  melted mater ia l  t o  run out  of  t h e  zone was c l e a r l y  observed a s  shorn i i n  Fig. 30. In  such a case,  processing i n  zero-gravity condit ions would c l e a r l y  be advantageous . 
i 
The m ~ ~ n  examination of zone melting was done i n  conjunction with 
studying t h e  s o l i d i f i c a t i o n  and microstructure of off-eutect ic  compounds. 
I n  p a r t i c u l a r ,  t h e  zone melting apparatus used provided f o r  a c ruc ib le  t o  
contain t h e  mater ia l .  The main ma te r i a l  s tud ied  was t h e  lead-t in  system, 
i n  which t h e  e u t e c t i c  melts a t  183'~. The apparatus i s  shown i n  Fig. 31. 
Using 4 mm diameter rod specimens, t h e  in t e r f ace  had c l e a r l y  discernable  
curvature.  Reducing t h e  dimension t o  2 mm improved t h e  f l a t n e s s  of t h e  
in te r face .  
A modification t o  t h e  above system was inves t iga ted  which provided 
zero contact between t h e  molten mater ia l  a?d t h e  c ruc ib le .  This consisted 
of  forcing gas a t  r e l a t i v e l y  low pressure and flow r a t e  between t h e  ingot 
and t h e  c ruc ib le  from below. When the  temperature of t he  zone region was 
r a i s ed  t o  cause melt ing,  t h e  molten mater ia l  expanded arld flowed down t h e  
lower pa r t  of the  s t i l l - s o l i d  rod u n t i l  i t s  attempt t o  reach t h e  c ruc ib le  
w a l l s  was stopped by the  gas flow. An equilibrium diameter o f  t h e  molten 
zone was reached when t h e  r e s t r i c t i o n  provided by t h e  molten flow ra i sed  
t h e  pressure of t h e  gas flowing up t h e  tube t o  t he  value required t o  
support t h e  molten mater ia l .  Additional experimentation with t h i s  tech- 
nique w i l l  be  required t o  determine i f  it w i l l  provide a simulation of 
containerless  s o l i d i f i c a t i o n  using zone melting techniques. 
Off-Eutectic So l id i f i ca t ion  
p 
Back~round. To use n a t e r i a l s  with the  microstructure obtained by 
unid i rec t iona l  s o l i d i f i c a t i o n  of e u t e c t i c ,  it i s  important t o  be ab le  
t o  cont ro l  t h e  nunber of rods i n  a matrix o r  t o  be ab le  t o  prcSuce a 
rod-like microstructure from phases which normally form pla te - l ike  r '  UL cro- 
s t ruc tu re s ,  or  vice-versa. A l l  of these  things a r e  t h e o r e t i c a l l y  poss ib le  
i n  off-eutect ic  s o l i d i f i c a t i o n ,  where the  a b i l i t y  t o  vary the  composition 
adds a degree of  freedom r e l a t i v e  t o  t h e  f ixed  composition eu tec t i c .  
In off-eutectic so l id i f i ca t ioa ,  there  is no constraint  on compo- 
s i t i o n ,  but it is  more d i f f i c u l t  t o  obtain a control led s t ruc ture .  It 
is important i n  t h i s  type of so l id i f i ca t ion  t o  minimize any e f f e c t s  
vhich might d is turb  the  boundary layer  which forms i n  f ron t  of  t h e  so l i -  
difying interface.  I n  Ref .12, f o r  example, it is  pointed out t h a t  con- 
vection currents  can have deleterious ef fec ts  on the  microstructure. 
I n  v e r t i c a l  growth under gravity conditions, another problem ex i s t s  i f  
t he  density of the  ma,jor.part of t h e  l iqu id  above the  s o l i d  is  grea ter  
than the  density of  the  boundary layer. In  such a case, the  heavier 
l iqu id  tends t o  displace the  boundary layer  l iquid .  These e f fec t s  can 
be minimized i n  a zero-g environment. 
Experimental Studies. A s  pointed out i n  Ref.13, convection is l e s s  
of a problem i n  t h e  unidirect ional  so l id i f i ca t ion  of offLeutect ic  com- 
positions i f  a zone melting technique is used. In  addit ion,  very high 
gradients can be obtained. These experiments have been repeated using 
the  lead-tin system, and have ve r i f i ed  t h a t  i n  the  zone melted and so l i -  
d i f i ed  region, the  composition is  i n  f a c t  the  gross off-eutect ic  composi- 
t ion .  A t  the  same time a eutect ic- l ike microstructure was formed. For 
s m a l l  diameter rods (of the  order of 2 mm diameter) the  sol id-l iquid 
in ter face  i n  a zone melting system w i l l  be r e l a t ive ly  f l a t .  A s  the  
diameter increases, more curvature appears, which i s  an undesirable 
e f fec t .  
Results. The r e s u l t s  of t h i s  experimentation were obtained with 
the  zone furnace i l l u s t r a t e d  i n  Fig. 31. The microstructures obtained 
are i l l u s t r a t e d  i n  Figs. 32, 33 and 34 fo r  compositions, 30w/o lead - 
7W/o t i n ,  38 .1~10 lead - 61 .9~ /0  t i n ,  and 45w/o lead - 55w/o t i n .  To 
check the  composition a f t e r  zone meiting, a portion of the  3W/o lead- 
7&!o t i n  sample was examined with the  electron microprobe. A quantita- 
t i v e  element analysis  gave 30.2~10 lead,  69.8w/o t i n .  
DISCUSSION AND CONCLUSIONS 
The technologies of s o l i d i f i c a t i o n  s tudied  i n  t h i s  program show 
t h a t  a  s i g n i f i c a n t  improvement i n  thermal cont ro l  during t h e  s o l i d i f i -  
cat ion process must be made before even t h e  earth-based processes w i l l  
exhib i t  t h e i r  f u l l  p o t e n t i a l  i n  terms of cont ro l led  microstructure.  The 
s o l i d i f i c a t i o n  p-ocess is  a  complex one from t h e  thermal design point  of 
view, and a  complete ana lys is  of t he  thermal character  o f  a given method 
of  un id i rec t iona l  s o l i d i f i c a t i o n  i s  required i n  order  t o  improve t h a t  
p a r t i c u l a r  process. Such thermal design ana lys is  w i l l  be  s imi l a r ly  
c r i t i c a l  f o r  a  space laboratory experiment. 
This program has a l s o  shown t h a t  a  des i r ab l e  microstructure can be 
obt,ained by d i r ec t iona l  s o l i d i f i c a t i o n  under very high thermal grad ien ts  
when t h e  composition is off  t h e  e u t e c t i c  one. This important r e s u l t  
provides a degree of  freedom i n  mater ia l s  design not ava i lab le  using 
eu tec t i c  compositions. 
It i s  concluded from the  s tud ie s  completed i n  t h i s  program t h a t  
1. f u r t h e r  s tud ies  of thermal processing should be made using 
means of suppressing r a d i a l  hea t  flow i n  t h e  so l id- l iqu id  
in t e r f ace  region during s o l i d i f i c a t i o n  by withdrawal from a 
furnace through a  f ixed pos i t ion  quench; 
2.  e o l i d i f i c a t i o n  employing bas i ca l ly  zone techniques should be 
flrrther s tudied;  
3. Che e f f e c t s  of t he  thermal gradient  on t h e  r e s u l t i n g  microstructure 
should be evaluated ; 
4. an ana ly t i ca l  apprcach should be coupled with the  experimental 
s tud ies  t o  e luc ida te  t he  temperature d i s t r i b u t i o n  within t h e  
so l id i fy ing  specimen a s  a  means of s i g n i f i c a n t l y  improving t h e  
design of un id i rec t iona l  s o l i d i f i c a t i o n  systems. 
I 
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Table I 
Microstructural Anelysia of A1-A13Ni Eut ec t i c  Ingot Solidif i cd  i n  
Furnace System I 
Specimen ~73-475 ; Rate = 3.5 cm/hr ; Section 10 cm from head 
Data Supplied by the  Materials Science In s t i t u t e ,  University of Conn. 
Fiber Diameter 1 .lo micrometers 
Fiber Spacing - nearest neighbor approach 3.30 micrometers 
Fiber Spacing/Fiber Diameter 3.0 
perfection* of hexagonal array - dispersion of 
f iber spacings 0 297 
Volume fraction of Alpi f ibers  9 7% 
*Perfection = zero dispersion 
Table I1 
Microstructural Analysis of A1-A13Ni Eutectic Ingot Solidified in 
Furnace System I1 
Specimen A73-482; Rate =. 5 cm/hr ; Section 10 cm from head 
Data supplied by the Materials Science Institute, Universfty of Conn, 
Fiber Diameter 1.28 micrometers 
Fiber Spacing - nearest neighbor approach 2.78 micrometers 
Fiber Spacing/Fiber Diameter 2 .17 
perfection* of hexagonal array - dispersion of 
fiber spacings 0.606 
Volume fraction oi' A13Ni fibers 10.5% 
*Perfection = zero dispersion 
Table I11 
Structural Perfection Analysis o f  
A1-A13Ni Eutec+.?r Specimens 
Furnace System I11 
Average* Dispersion*# 
Ingot Section Withdrawal Inter-Fiber Spacing of Inter-Fiber 
No. 
- 
No. Rate S~acinu Curve 
UDS721- cm/hr micrometers 
*Average fiber spacing determined from number of f ibers per unit area 
**Dispersion of curve obtained by measuring actual inter-fiber spacings 
Table 11' 
Strcctural Perfection Analysis of 
A1-A131Ji Eutectic Specimens 
Furnace System nt 
Average* Dispersion** 
Ingot Section Withdrawal Inter-Fiber Spacing of Inter-Fiber 
No. 
- 
No. Rate Spacing Curve 
UDS721- 
*Average fiber spacing determined from number of fibers per unit area 
**Dispersion of curve obtained by measuring actual inter-fiber spacings 
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FIGURE 5, SYSTEM 111 - RESISTANCE HEATED 
HIGH-GRADIENT FURNACE 
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FIGURE 7. SYSTEM IV  - MODIFIED 
RESISTANCE HEATED HIGH-GRADIENT FURNACE 
FIGURE 8. RADIAL HEAT-FLOW SUPPRESSOR IN  POSITION RELATIVE 
TO FURNACE, QUENCH, AND INGOT 
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FIGURE 9. SCHEMATIC DRAWING, AND MXROGRAPH OF LAYERS 
IN DUAL ORIENTAT ION AI-A13Ni MICROSTRUCTURES 
FIGURE 10. TRANSVERSE SECTION OF CONTROLLED AI-AIJNI EUTECTIC 
"DENSITY WAVES" DUE TO DUAL OR1ENTATlON OF AlgNi RODS] 
FIGURE 11. TRANSVERSE SECTION OF Al-Al3Ni EUTECTlC 
SHOWING COLONY STRUCTURE 
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FIGURE 12. HIGH QUALITY STRUCTURE IN AI-N3Mi EUTECTIC 
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FIGURE 15. SYSTkM I - CHARACTERISTIC SPACING 
VS POSITION IN A DIRECTIONALLY SOLIDIFIED AI-A12 Cu iNGOT 
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FIGURE 16. SYSTEM II - CHARACTERISTIC SPACING VS POSITION 
IN A DIRECTIONALLY SOLIDIFIED AI-AI3Ni EUTECTIC 
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FIGURE 16. SYSTEM II - CHARACTERISTIC POSITION IN A DIRECTIONALLY 
SOLIDIFIED AI-AI2 CU EUTECTIC INGOT 
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FIGURE 17. SYSTEM Ill - OCCURRENCES VS CHARACTERISTIC SPACING IN A 
DIRECTION ALLY SOLlOl FIE0 AI-A13Ni EUTECT lC INGOT 
INGOT SECTION 
FIGURE 18. SYSTEM IV - CHARACTERISTIC SPACING VS INGOT SECTION IN 
A DIRECTIONALLY SOLIDIFIED AI-A13Ni EUTECTIC INGOT 
FIGURE 19. GROWTH PATTERN OF THE AI-AI~CU LAMELLAR STRUCTURE 
AROUND AN ENTRAPPED GAS POCKET 
FIGURE 20. GROWTH PATTERN OF THE Ail-AlgNi FIBROUS EUTECTIC 
AROUND AN ENTRAPPED GAS POCKET 
FIGUE E 21. ACCOMMODATION OF EUTECTIC MICROSTRUCTURE 
TG REGIONS REQUIRING CHANGES IN GROWTH DIRECTION 
! 
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FIGURE 22. GROWTH OF THE LEAD-TtN LAMELLAR STRUCTURE 
AROUND A VOID DURING THIN FILM SULtDlFlCATlON 
41 MOB-68-5 
FIGURE 23. DIRECTIONALLY SOLlDlFlED Ni-Al-Nb HIGH TEMPERATURE 
ALLOY FROM PEDESTAL SHAPED CRUCIBLE 
DIRECTION OF MOTION 
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FIGURE 24. SCHEMATIC ILLUSTRATION OF THIN-SHEET 
LEAD-TIN SOLIDIFICATION 
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FIGURE 26. RAPID SOLIDIFICATION AREAS OF EUf ECTlCS VACUUM-ARC 
MELT ED ON A CHILLED HEARTH 
b5 
N 08-68 -9 
FIGURE 27. DIRECTIONALLY SOLIDIFIED THIN SHEET 
OF LEAD-TIN EUlCCTlC 
FIGURE 28. MlCROmRUCTlJRE IN THE PLANE OF CqOWTH OF 
40 MICROMETER THICK Pb-Sn EUTECTlC FOILS 
FIGURE 29. MICROSTRUCTURE OF TRANSVERSE SECTlQNS 
OF THIN FILM LEAD-TIN EUTECTIC 
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FIGURE 31. HIGH THERMAL GRADIENT ZONE FURNACE 
Urn 721-41 5j0oetem 0.8 unh 
tEUTECflC: 3&.1W LEADI 
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INITIAL CONTROLLED R E G I N  
FIGURE 32. M1CRWR'UCl'URE IN 3096 LEAD-7a TIN 
ZONE DIRECTIONALLY SOLlDlFlED OFF-EUf ECflC ALLOY 
FIGURE 33. MICROSTRUCTURE OF LEAD-TIN EUTECTIC ZONE MELTED 
AT 3.4 emhr WllTH A THERMAL GRADIENT OF 165oC/cm 
UDS 721 -40 330°c/ cm C 0.8 cmlhr 
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FIGURE 34. MICROSTRUCTURE IN 45% LEAD-55% TIN 
ZONE DIRECTIONALLY SQLlOll Fl ED OFF-EUTECTIC ALLOY 
